Thermal neutron detectors based on hexagonal boron nitride (h-BN) epilayers have demonstrated a record high efficiency among solid-state detectors at 58%. It was found that the performance of h-BN detectors is profoundly influenced by charge recombination at the surfaces. The dynamic process of surface oxidation in h-BN epilayers has been probed by x-ray photoelectron spectroscopy. The spectra of high-resolution (0.1 eV) scans indicated that the linewidth of the B 1s peak at 190.6 eV increased and the peak intensity decreased with an increase in exposure time in-air (t air ). The main B 1s peak at 190.6 eV evolved into multiple peaks at a higher binding energy position due to oxygen impurities tending to occupy nitrogen sites and form the B-O bond. Time constants of the oxidation process have been determined, revealing that the formation process of the B-O bond is very fast and within minutes in h-BN. The results suggest that reducing nitrogen vacancy generation during growth and employing surface treatment techniques would further improve the performance of h-BN devices.
Hexagonal boron nitride (h-BN) is a very promising ultra-wide bandgap (>6.0 eV) semiconductor with potential for many technological important applications. As the only layer-structured material among III-nitride semiconductors, h-BN also has potential applications in two dimensional (2D) related devices and structures, serving as an ideal template, separation and gate layer in graphene and other 2D devices. 1, 2 Due to its wide bandgap, h-BN is a promising material for deep UV (DUV) photonic device applications 3 as well as a host for single photon emitters. [4] [5] [6] Significant progress has been made recently in the understanding of the basic properties and applications of h-BN through the successful synthesis of the freestanding (FS) h-BN epilayers with large thicknesses, 7 h-BN/AlGaN heterojunctions for DUV emitters, [8] [9] [10] (BN) 1−x Cx alloys, 11, 12 and h-GaxB 1−x N/BN alloys and quantum wells for possible bandgap tuning. 13, 14 Most notably, 10 B-enriched h-BN (h-10 BN) epilayers have emerged as a highly promising material for solid-state neutron detector fabrication 7, [15] [16] [17] [18] and demonstrated an unprecedented high detection efficiency among all solid state neutron detectors at 58% for 1 mm 2 detectors 15 and 50% for 30 mm 2 detectors. 17 However, the detection efficiency of h-BN neutron detectors still falls short of the expected theoretical value because of the less than perfect charge collection efficiency, and it is shown that the surface recombination of charge carriers is one of the dominant factors, which prevents further enhancement in the charge collection efficiency in h-BN detectors. 16 Like in many semiconductors, oxygen contamination could be potentially an important issue in h-BN device fabrication and performance. The surfaces of semiconductors can be oxidized in O 2 or air environment, generating electron/hole traps. 19 The oxidation of semiconductors can affect significantly their device performance. For example, previous studies have revealed that the photoluminescence (PL) intensity of InP is reduced when the InP surface is exposed to O 2 gas. This decrease in PL intensity after exposure to O 2 gas can be reversed by exposing InP to N 2 gas. 19 However, in GaAs, this PL intensity decrease is irreversible after exposing to O 2 gas. 19 In vertical neutron detectors fabricated from h-10 BN epilayers with two planar top and bottom electrodes, the magnitude of the effective surface recombination field is on the order of 10 4 V/cm, which impedes the charge collection and hence the overall detection efficiency and prevents further scaling up of detector size. 16 We believe that one of the causes of this large surface recombination field is h-BN surface oxidation in-air.
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We report the probing of the dynamic process of oxidation on the h-BN surface in-air by x-ray photoelectron spectroscopy (XPS). Our results revealed that the presence of nitrogen vacancies promotes the oxidation process and oxygen impurities tend to occupy nitrogen sites. Moreover, the process of bond formation for atomic configurations related to B-O is very fast and within minutes. The results thus suggested that it is critical to reduce the nitrogen vacancy generation during epilayer growth and employ appropriate surface treatment techniques in order to further improve the performance of h-BN devices.
A 60 μm thick h-BN epilayer was grown using metal organic chemical vapor deposition (MOCVD) on the c-plane sapphire substrate. Trimethylboron (TMB) and ammonia (NH 3 ) were used as the precursors for B and N, respectively; and H 2 gas was used as a carrier gas. Due to different thermal expansion coefficients between h-BN and sapphire substrate, h-BN epilayers with a sufficient thickness will naturally separate from the sapphire substrate during the cooling process and provide freestanding (FS) h-BN wafers. 7, [15] [16] [17] [18] Five h-BN samples (A, B, C, D, and E) were prepared from the same FS h-BN wafer. The x-ray photoelectron spectroscopy (XPS) spectra from these h-BN samples were obtained from a PHI 5000 VesaProbe XPS instrument using Al Kα x rays (1486.6 eV). First, we obtained the survey scan (low resolution with 0.8 eV) spectra after the samples were cleaned using Ar ion sputtering at low voltage (500 V) to remove the oxygen and carbon contamination from the surfaces of samples. Then, four samples (B, C, D, and E) were taken out from the XPS vacuum chamber and placed inair for different amounts of exposure times (t air ), ranging from 0.5 min to 60 min. Samples were then put back into the XPS vacuum chamber. The survey (low resolution with 0.8 eV) and narrow range (high resolution with 0.1 eV) scans were both measured again on all four samples after being exposed in-air with different t air .
The spectra of survey scan (low resolution with 0.8 eV) from these five samples with different t air are shown in Figs. 1(a)-1(e). The spectrum in Fig. 1(a) was taken from the sample A after surface sputtering as a reference sample without air exposure (t air = 0 min). From samples B to E, t air increased from 0.5 min to 60 min, as shown in Figs. 1(b)-1(e). Figure 1 clearly shows that the surfaces of FS h-BN samples absorbed carbon and oxygen impurities when exposed in-air. The results of the survey scans in Figs. 1(a)-1(e) indicate that the intensity of the O 1s peak at 532.5 eV increases significantly with t air between 0 min and 60 min. The intensity of the C 1s peak at 284.8 eV also increases slightly with t air . This increase in C 1s peak intensity is related to surface carbon contamination, which can be removed by Ar ion sputtering.
The high resolution (0.1 eV) spectra were obtained for all five FS h-BN samples (A-E), and multiple B 1s peaks were resolved with different binding energy (BE) positions, as shown in Figs. 2(a)-2(e). The spectrum in Fig. 2 (a) was obtained from sample A after surface sputtering with t air = 0 min. The main peak of B 1s at 190.6 eV 13 corresponds to the configuration of three N atoms bonding with one B atom in the center, as illustrated in the right inset of Fig. 2 (a). The smaller peak at 189.3 eV is due to the formation of the B-C bond with one of the three N atoms replaced by one C atom and forms the B-2N-C N configuration, 11 as illustrated in the left inset of Fig. 2(a) . After exposure of sample B in air for 0.5 min, a new BE peak at 192.0 eV was observed, as shown in Fig. 2(b) . This peak is due to the formation of the B-O bond 20 with one O atom replacing one of the three N atoms and forming the B-2N-O N configuration, as illustrated in the inset of Fig. 2(b) . The B-O bond formation in the h-BN surface indicates that oxygen atoms get into h-BN epilayers when it is exposed in-air. This is a very quick oxidation process for the h-BN surface. As shown in Fig. 2(c) , when t air increased to 10 min for sample C, the XPS spectrum exhibited another new BE peak at 193.2 eV, which corresponds to two O atoms replacing two of three N atoms and forms the B-N-2O N configuration, as illustrated in the inset of Fig. 2(c) . The binding energy position of the B-N-2O N configuration agrees well with that in a previous report. 21 As t air further increased to 30 min and 60 min, no additional oxygen related peaks were observable in Figs. 2(d) and 2(e). However, the peak intensities of these two peaks at 192. Fig. 3 . There are three different bond states for the B 1s peak before samples exposed in-air. They are B-3N, B-2N-V N , and B-N-2V N , corresponding to one B atom bonding to three, two, and one N atom or equivalently with one and two N vacancies (V N ) as nearest neighbors of B atoms, respectively. The evidence for the presence of N vacancies (V N ) in h-BN is abundant, which are formed during the h-BN growth process. 22 Moreover, the Ar ion sputtering process can also generate V N due to the bombardment of Ar ions on the h-BN surface, which knocks out N atoms from their original sites and produces V N in h-BN epilayers. 23 It was reported that V N is more easily to be generated than boron vacancies (V B ) with Ar ion bombardment. 24, 25 However, these three configurations of the B atom have the same binding energy (BE) position at 190.6 eV in the XPS spectra. After being exposed in-air, O atoms tend to occupy these V N sites to transform B-2N-V N and B-N-2V N configurations into B-2N-O N and B-N-2O N configurations at BE peak positions of 192.0 eV and 193.2 eV, respectively. As shown in Fig. 3(a) , the total intensity of the B 1s peak at 190.6 eV of three configurations Fig. 3(b) . This clearly indicates again that the B-2N-O N (B-N-2O N ) configuration is transformed from the B-2N-V N (B-N-2V N ) configuration when h-BN epilayers are exposed in-air. Figure 4 (a) plots the XPS intensity (solid triangle) at 192.0 eV as a function of t air . It clearly shows two different processes with an initial fast one (t air < 3 min) and a slow one for longer t air . The results suggested that these two processes are due to two different initial configurations for one O atom occupying one V N site with two different time constants. The first process with a fast time constant τ 1 corresponds to one O atom getting into one of two V N sites in the B-N-2V N configuration and forming an intermediate configuration of B-N-O N -V N with a BE peak position at 192.0 eV, as illustrated in the first process of Fig. 5(a) . The second process with a slow time constant τ 2 corresponds to one O atom getting into the V N site in To determine these two time constants τ 1 and τ 2 , the measured XPS intensity at 192.0 eV as a function of t air was fitted by the following equation:
where A 1 and A 2 are two constants. The least squares fit of data with Eq. (1) yielded A 1 = 208 and τ 1 = 0.6 min, and A 2 = 162 and τ 2 = 60.5 min. These results suggest that the dynamic process of one O atom getting into one of two V N sites in the B-N-2V N configuration is much faster than that of one O atom getting into the V N site in the B-2N-V N configuration. The initial percentage of the B-N-2V N (B-2N-V N ) configuration is 208/(208 + 162) = 56% (44%) after Ar ion sputtering. The XPS intensity (solid diamond) of the B-N-2O N configuration at 193.2 eV as a function of t air is plotted in Fig. 4(b) . This B-N-2O N configuration was only observed after 0.5 min exposure in-air (t air > 0.5 min). This process has only one time constant τ 3 . Equation (2) is used to determine τ 3 by fitting the measured XPS intensity at 193.2 eV,
The least squares fit of data with Eq. 
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scitation.org/journal/adv that the h-BN device fabrication process should avoid exposure inair and appropriate surface passivation is expected to be helpful in reducing the surface recombination field. Furthermore, reducing nitrogen vacancy point defects can also reduce the incorporation of O atoms into h-BN, which requires further optimization in the MOCVD growth processes. 
